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THE DAMPING I N  PITCH OF BLUFF BODIES OF REVOLUTION 

AT MACH NUMBERS FROM 2.5 TO 3.5* 

By Benjamin H. Beam and C .  Ernest  Hedstrom 

SUMMARY 

Results of supersonic wind-tunnel tests t o  measure t h e  p i tch ing  
moment and the  damping i n  p i tch  derivatives of two b l u f f  bodies of revo- 
l u t i o n  a t  supersonic speeds a r e  presented. 

One b l u f f  body w a s  comprised o f  a parabolic forebody and a cone- 
shaped afterbody. The o ther  b luf f  body consis ted of a f l a t t e n e d  fore-  
body with three  var ia t ions  of corner r a d i i  and two cone-shaped af terbodies .  

Tests w e r e  conducted a t  various longi tudinal  loca t ions  of the  moment 
center  f o r  each body of revolution. 
of 2.5, 3.0, and 3.5; both with and without a r t i f i c i a l l y  induced boundary- 
l a y e r  t r a n s i t i o n  and a t  two values of Reynolds number. 
sented here in  a r e  compared with values estimated by impact theory. 
ab le  agreement with theory w a s  obtained f o r  the body of revolution having 
a parabolic forebody. The damping i n  p i t c h  of the  body of revolut ion 
having a f l a t t e n e d  forebody w a s  des tab i l iz ing  a t  zero angle of a t t a c k  and 
s i d e s l i p  and d id  not  agree with impact theory.  

Data were obtained a t  Mach numbers 

The r e s u l t s  pre-  
Reason- 

INTRODUCTION 

A number of inves t iga tors  ( r e f s .  1 and 2)  have s tudied  the  dynamic 
motion of b l u f f  bodies t r a v e l i n g  a t  high speeds on descending paths 
through the atmosphere. It i s  found t h a t  the  amplitude of the i n i t i a l  
dynamic motion i s  convergent f o r  vehicles with s t a t i c  aerodynamic s t a b i l -  
i t y ,  i r r e s p e c t i v e  of the magnitude of the damping der iva t ives .  Thus, 
i n i t i a l l y  l a r g e  o s c i l l a t i o n  amplitudes which a r i s e  from misalinement of 
t h e  axis of the  vehicle with the f l i g h t  path will become smaller as the  
vehicle  descends. I n  general, t h i s  s i tua t ion  appl ies  as long as t h e  
dynamic pressure i s  increasing with t i m e .  The increas ing  atmospheric 
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r C  density as the vehicle  descends leads t o  progressively increasing dynamic 
pressure even though the  vehicle  speed i s  dropping. 
t ra jec tory ,  however, the vehicle decelerates  s u f f i c i e n t l y  t h a t  the  dynamic 
pressure no longer increases,  and a t  t h i s  point  the damping i n  p i t c h  
der ivat ive,  Cmq + C q ,  becomes very important t o  the  dynamic s t a b i l i t y .  
In  t h i s  region theory ind ica tes  t h a t  the  o s c i l l a t i o n s  of t h e  vehicle w i l l  
or will not  eventual ly  converge t o  zero accordingly as the s t a b i l i t y  
parameter (ref. 1) 

A t  some point  i n  i t s  

i s  negative or posi t ive.  Since CD i s  always pos i t ive  and C h  i s  

generally low and can be negative for b l u f f  shapes, t h e  convergence of 
dynamic motions i n  t h i s  region of the  t r a j e c t o r y  depends t o  a l a r g e  ex ten t  
on negative ( o r  s t a b i l i z i n g )  values of t h e  dynamic s t a b i l i t y  der iva t ive  
Cmq + C q -  

1 

The only method which lends i t s e l f  r e a d i l y  t o  the ca lcu la t ion  of t h e  
damping der ivat ives  of b luf f  shapes a t  supersonic speeds i s  the  Newtonian 
impact theory ( r e f .  3, f o r  example) which i s  a grea t ly  oversimplified 
theory especial ly  i n  regard t o  d e t a i l s  of the flow. 
t e s t s  ( re fs .  4, 5 ,  6, and 7) have been d i rec ted  a t  providing quant i ta t ive  
data on these b l u f f  configurations,  and more r e l i a b l e  methods of estimat- 
i n g  t h e i r  c h a r a c t e r i s t i c s .  

Recent experimental 

The purpose of t h i s  r e p o r t . i s  t o  present  values of the  s t a t i c  and 
dynamic s t a b i l i t y  der ivat ives  measured on an o s c i l l a t i o n  mechanism i n  
a wind tunnel f o r  two b luf f  bodies of revolution a t  Mach numbers from 
2.5 t o  3.5.  
impact theory. 

The data a r e  compared with values estimated using Newtonian 

SYMBOLS 

The moment reference center  f o r  various configurations i s  shown i n  
Q 

f i g u r e s  1 and 2. 

CD 

r a t e  of change of lift coef f ic ien t  with angle of  a t tack ,  

a r l i f t  1 
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r ;r  Cm 

I 
4' c% 

pitching-moment coeff ic ient ,  p i tch ing  moment 

(m Pf SD 

value of Cm from Newtonian impact theory 
9 

(Cmq + Cw) value of (Cm + C%) due t o  h y s t e r e s i s  i n  p i tch ing  moment h q 

D 

9 

R 

diameter of the base of t h e  forebody 

pi tching ve loc i ty  

Reynolds number referred t o  diameter of t h e  base of the 
forebody 

S area of the base of forebody 

t time 

V 

W 

ve loc i ty  

work 

X axial locat ion of  moment center  behind nose 

a angle of a t tack  

a m  mean angle of a t tack ,  or steady angle of a t t a c k  about 
which o s c i l l a t o r y  pitching motions take place,  deg 

a0 m a x i m u m  o s c i l l a t o r y  component of angle of a t t a c k  

'ah assumed l i m i t i n g  angles of a t tack  of pitching-moment 
hys te res i s  ( see  f i g .  12) 

P angle of  s i d e s l i p  
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dynamic s t a b i l i t y  parameter, CD - C k  + ($7 (Cmq + C%) 

radius of gyration i n  p i t c h  of vehicle 

mass densi ty  of a i r  

c i r c u l a r  frequency of o s c i l l a t i o n  

incremental value of a quant i ty  ( ) 
d( ) derivat ive of a quant i ty  with respect  t o  t i m e ,  - 
d t  

APPARATUS AND MODELS 

Test F a c i l i t y  

The experimental data were obtained i n  the 8- by 7-foot supersonic 
t e s t  section of t h e  Ames Unitary Plan wind tunnel.  "his t e s t  sect ion i s  
capable of continuous var ia t ions  of nominal Mach number from 2.5 t o  3.5 
and of a s tagnat ion pressure from 2 t o  28 pounds per square inch absolute.  

# 

F 

Models 

The geometric c h a r a c t e r i s t i c s  of the two bodies of revolution used i n  
t h i s  invest igat ion are shown i n  f igures  1 and 2. The body of revolution 
having a paraboloid forebody Is shown i n  figure 1. A sketch o f  the body 
of revolution having a f l a t t e n e d  forebody i s  shown i n  f igure  2. Tests 
were a l s o  conducted on severa l  var ia t ions  i n  the bas ic  shape of t h i s  l a t t e r  
body, and these var ia t ions  are shown i n  f igures  2(b) and 2(c) .  Photographs 
of t h i s  body on the o s c i l l a t i o n  mechanism i n  the  wind-tunnel t es t  sect ion 
are shown i n  f igure  3. 

A l l  forebodies and afterbodies were made of p l a s t i c  laminated g lass  -. 

were given a f la t  white enamel f i n i s h .  The inner  surface of the  support * 

c l o t h  and were at tached t o  an alluminum a l l o y  base p l a t e  and support tube. 
After  f i l l i n g ,  sanding, and buffing a l l  indentat ions,  t h e  outer  surfaces 

tube t o  which a l l  components were a t tached  w a s  machined t o  m a t e  with the 
o s c i l l a t i o n  mechanism. The loca t ion  of t h e  moment center  w a s  var ied  by 
mating the o s c i l l a t i o n  mechanism t o  t h e  support tube a t  d i f f e r e n t  
longi tudinal  posi t ions.  
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Osci l la t ion  Apparatus 

The o s c i l l a t i o n  apparatus described i n  reference 8 w a s  used i n  t h i s  
invest igat ion.  This apparatus consisted of R dp-m3.c balance aqd the  
necessary supporting e lec t ronic  equipment t o  e s t a b l i s h  a s teady-state  
forced o s c i l l a t i o n  of the  model. The moments and def lect ions within the  
balance were measured e lec t ronica l ly ,  and from the  measured values the 
desired s t a t i c  and dynamic derivatives were evaluated. The model o s c i l -  
l a t i o n  w a s  of a s ingle  degree of freedom having a m a x i m u m  amplitude of 
+1-1/2'. Deflection galvanometers indicated v i s u a l l y  the s teady-state  
values of o s c i l l a t i o n  amplitude and input torque required t o  maintain 
o s c i l l a t i o n .  
l a t i o n  frequency of the model on the crossed-flexure spr ing support within 
the balance and had a frequency of approximately 10 cycles per  second. 
An e lec t ronic  counter indicated visual ly  the frequency of the  model 
o s c i l l a t i o n s .  

The o s c i l l a t i o n  frequency depended upon the  n a t u r a l  o s c i l -  

For some of the t e s t s  with the body of revolution having a f l a t t e n e d  
forebody, four  54 pounds per square inch miniature e l e c t r i c a l  pressure 
gages were i n s t a l l e d  i n  the afterbody a t  the  loca t ions  shown i n  f i g -  
ure  2 ( a ) .  The output of these c e l l s  was recorded on magnetic tape.  

TESTS 

Data were taken a t  Mach numbers o f  2.5,  3 .0 ,  and 3.5 through a range 
of angles of a t tack  a t  zero s i d e s l i p  angle for a l l  configurations.  Some 
da ta  were a l s o  taken through a range o f  angles of s i d e s l i p  a t  zero angle 
of a t tack .  The Reynolds number f o r  the t e s t s  w a s  3 mil l ion except f o r  
measurements of the e f f e c t  of scale  on the body of revolution having a 
f l a t t e n e d  forebody, f o r  which t e s t s  were made a t  a Reynolds number of 
2 mil l ion.  

Surface roughness w a s  applied to  the body of revolution having a 
f l a t t e n e d  forebody as a means of a r t i f i c i a l l y  inducing t r a n s i t i o n  from 
laminar t o  turbulent  flow over the forebody. The increased surface 
roughness w a s  obtained by applying commercial t a b l e  s a l t  t o  a prepared 
adhesive surface with about 80-percent p a r t i c l e  density.  
f r o n t  face including the corner b u t  excluding the base f l a r e  w a s  covered 
i n  t h i s  way. 

The e n t i r e  
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CORRECTIONS TO DATA 
c 

Tare correct ions t o  the measured values of damping were determined . 
from measurements of the  damping with the  wind tunnel evacuated and a t  
zero airspeed immediately p r i o r  t o  a s e r i e s  of t e s t  runs on a p a r t i c u l a r  
configuration. 
f r i c t i o n  e f fec ts  i n  the model and o s c i l l a t i o n  mechanism, were then sub- 
t r a c t e d  from the  values of damping der ivat ive measured with the  wind on. 
The magnitude of t h i s  correct ion t o  
f o r  a l l  configurations. 

These corrections,  which account f o r  the  mechanical 

Cmq + (3% was approximately 0.04 

A correction w a s  applied t o  the  measured values of C m ,  t o  account 
f o r  the change i n  spr ing constant of the  f lexure pivots  i n  t h e  o s c i l l a t i o n  
mechanism under the  heavy drag load encountered on t h e  models. 
correction, which i s  i n  the nature  of a drag i n t e r a c t i o n  With 
computed from known drag forces  on these models and the  e f f e c t  of the  
resu l t ing  compressive forces  on the spr ing constant of crossed flexure 
p ivots .  The magnitude of t h i s  correct ion t o  Cm, var ied somewhat with 
Mach number and Reynolds number but  w a s  approximately 0.022 per  radian 
f o r  the body of revolution having a paraboloid forebody and 0.026 per  
radian for the body of  revolution having a f l a t t e n e d  forebody. 
resu l ted  i n  smaller absolute values o f  

This 
C%, was 

This 

C%. 

Random e r r o r s  i n  the data r e s u l t i n g  from wind-tunnel turbulence, 
buffet ing of the model, and e r r o r s  i n  the visual reading of the  def lec t ion  
galvanometers were l a r g e l y  averaged out  by repeated measurements. 
each t e s t  condition two readings were t e e n  a t  s l i g h t l y  d i f f e r e n t  m a x i m u m  
o s c i l l a t i o n  amplitudes from 1' t o  1-1/2 . 

For 

Corrections were applied t o  Mach number and angle of a t tack  based on 
stream survey data of the t e s t  sect ion ind ica t ing  l o c a l  Mach number and 
flow angularity i n  the t e s t  region. 

RESULTS AND DISCUSSION 

The results of wind-tunnel t e s t s  on two bluff  bodies of revolution 
..c 

are presented i n  figures 4 through 11. 
one o f  the object ives  of these tests w a s  t o  compare the  experimental 

the  Newtonian impact theory has been shown t o  be f a i r l y  applicable t o  
b l u f f  bodies i n  the range of Mach number considered i n  t h i s  repor t  
( r e f .  9 ) ,  and since it i s  possibly t h e  only theory t h a t  can be r e a d i l y  
appl ied t o  these shapes, it has been used as a standard of comparison. 

A s  mentioned i n  the introduction, 

results with values estimated from theory f o r  bodies of t h i s  type. Since -4. 
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I n  the discussion t h a t  follows it wil l  be shown t h a t  very d i f f e r e n t  
agreement w a s  obtained i n  making t h i s  comparison with impact theory f o r  
the  two bodies considered. 

Body of Revolution Having Paraboloid Forebody 

7 

The experimental data  and calculated values of s t a t i c  s t a b i l i t y  and 
damping i n  p i t c h  der ivat ives  f o r  the body of revolut ion having a paraboloid 
forebody ( f i g .  1) are shown i n  f igure  4. 
of mean angle of a t tack ,  a m ,  over which t e s t s  were conducted, the impact 
theory ind ica tes  no var ia t ion  i n  these der ivat ives  with This i s  
v e r i f i e d  i n  general  by the t rend  o f  the experimental data except a t  a 
Mach number of 3.5 with the most forward moment center  pos i t ion  ( f i g .  4 ) .  
I n  addition, the  afterbody configuration i s  seen t o  have a negl ig ib le  
influence on the measured values of the der ivat ives ,  as expected from 
impact theory (with one exception noted f o r  a Mach number of 3.5 and a 
moment center  loca ted  0.292D a f t  of the nose).  
der ivat ives  f o r  a mean angle of attack of zero and f o r  various s i d e s l i p  
angles a r e  shown i n  f igure  5 .  These d a t a  show t h a t  t h e  s t a t i c  s t a b i l i t y  
and damping i n  p i t c h  der ivat ives  a r e  approximately independent of s i d e s l i p  
angle f o r  t h i s  configuration. 

Over the r e l a t i v e l y  s m a l l  range 

am. 

The longi tudina l  s t a b i l i t y  

When the data f o r  a mean angle of a t tack  of zero a r e  cross  p l o t t e d  
with loca t ion  of the  moment center as i n  f igure 6, the experimental values 
of the  s t a t i c  s t a b i l i t y  der ivat ive Ck 
values calculated from impact theory. The experimental values of damping 
i n  p i t c h  der ivat ive 
ca lcu la ted  from impact theory. The trend of the  damping der iva t ive  data 
with loca t ion  of the moment center  for both Mach numbers of 2.5 and 3.5 
i s  approximately as indicated by theory. From these data it i s  concluded 
t h a t  the  Newtonian model of the  flow about the body of revolution having 
a paraboloid forebody i s  a f a i r  guide i n  estimating the  dynamic s t a b i l i t y  
&erivat ives  i n  the range of Mach numbers from 2.5 t o  3.5. 

a r e  found t o  agree c lose ly  with 

Cmq + (2% are from 15 t o  50 percent lower than values 

Body of Revolution Having Fla t tened  Forebody 

The basic  data  f o r  the second body of revolution considered i s  pre- 
sented i n  f igure  7. For t h i s  configuration (F A 
the  experimental values of damping i n  p i t c h  der iva t ive  became pos i t ive ,  
or des tab i l iz ing ,  f o r  mean angles of a t tack near zero. This e f f e c t  i s  
not  ind ica ted  by the impact theory, calculated values of which a r e  a l s o  
shown i n  f igure  7. Experimental valaes of the s t a t i c  s t a b i l i t y  deriv- 
a t i v e ,  C%, more near ly  agree with calculated values, b u t  here a l s o  there  
i s  a not iceable  var ia t ion  with angle of a t tack  i n  the experimental data. 

as shown i n  f i g .  2 ( a ) )  
2.2 
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Furthermore, the  longi tudinal  der ivat ive data f o r  a mean angle of a t tack  
of zero and for various s i d e s l i p  angles,  p r e s e n t e d i n  f igure  8, show a 
marked variation with s i d e s l i p  angle. 
values of the der ivat ives  a t  zero angle of a t tack  f o r  t h i s  body, s imi la r  
t o  t h a t  shown i n  f igure 6 f o r  the previous body, i s  presented i n  f igure  9. 
The differences between theory and experiment a r e  apparent. 

A cross p l o t  of the measured 
1 

The dynamic i n s t a b i l i t y  a t  low angles of a t tack  and the lack of  
agreement with theory f o r  t h i s  shape i s  a possible  source of concern f o r  
s i m i l a r  configurations i n  f l ight .  These considerations l e d  t o  an inves- 
t i g a t i o n  of the fac tors  which might cause la rge  var ia t ions  i n  damping 
coefficient,  and i n  the course of t h i s  study s e v e r d  var ia t ions  i n  shape 
from the basic  body of reTJolution having a f l a t t e n e d  forebody were tes ted .  

On the assumption t h a t  flow separation or some r e l a t e d  boundary-layer 
phenomena could be occurring a t  the small radius corner, or "shoulder," 
t w o  forebodies having d i f f e r e n t  corner radii were tes ted .  
corner radius was twice t h a t  of the  bas ic  configuration and on the  o t h e r  
the corner radius was h a l f  t h a t  of the bas ic  configuration (see f i g .  2 ( b ) ) .  
These variations were se lec ted  because the pressure d i s t r i b u t i o n s  
calculated from impact theory a r e  known t o  be p a r t i c u l a r l y  i n  e r r o r  i n  
the v i c i n i t y  of a sharp corner. Calculations including an allowance f o r  
"centr i fugal  forces'' (see r e f .  3, f o r  example) ind ica ted  t h a t  the pressure 
coeff ic ients  could become negative a t  the corner and depend s t rongly on 
the corner radius.  From these and o ther  considerations it w a s  expected 
t h a t  var ia t ions i n  corner radius might l e a d  t o  d i s t i n c t  differences i n  
the  flow about the bodies and the measured values of damping coef f ic ien t ,  
which would account f o r  the anomalous e f f e c t s  observed i n  f i g u r e  7. 

On one the  

The measured e f f e c t s  of these changes i n  the shape of the forebody 
It can be seen t h a t  there  were some e f f e c t s  of a r e  shown i n  f igure 10. 

the  general character of the var ia t ions  with angle of a t tack  was not  
a l t e r e d  materially.  

forebody corner radius on the damping der ivat ive Cmq + C%, but  t h a t  

Variations i n  the  afterbody shape from the la rge  afterbody A, 
the  small afterbody A, and no afterbody A, ( f i g .  2 ( c ) )  are shown i n  
figure 10 t o  r e s u l t  i n  marked differences i n  the  damping der ivat ive 

the wake of the forebody with very l i t t l e  influence on t h e  s t a b i l i t y  
because of the low s t a t i c  pressure i n  t h i s  region. The impact theory i s  
of no use i n  understanding t h i s  s i t u a t i o n  since,  where the e n t i r e  after- 
body i s  shel tered from the stream by t h e  forebody, zero base pressure i s  
indicated. T ime  h i s t o r i e s  of the var ia t ions  i n  base pressure were 
measured with pressure c e l l s  i n  the afterbody and the  base of the  fore-  
body (see f i g .  2 ( c ) ) .  
only random variat ions i n  base pressure coef f ic ien t  having mean values 
l e s s  than 0.004. 

t o  

Cmq + CG. This i s  surpr is ing s ince t h e  e n t i r e  afterbody should be i n  -. 

4 
r. 

Analysis of records of these measurements ind ica ted  



K 9 

Data on the  e f f e c t s  of var ia t ions  i n  Reynolds number and a r t i f i c i a l l y  
c, 

induced t r a n s i t i o n  are presented i n  f igure 11 f o r  t h e  f l a t t e n e d  forebody 

shadowgraph s tudies  (not published i n  t h i s  repor t )  it w a s  known t h a t  a t  
a Reynolds number of 2 mil l ion the bowdary l a y e r  w a s  completely laminar 
t o  the separation point  a t  the base of the forebody where it mixed with 
the slower moving a i r  i n  the  w a k e .  With roughness appl ied the boundary 
l a y e r  w a s  very th ick  and turbulent  a t  the corner on the forebody. These 
changes i n  Reynolds number and surface roughness r e s u l t e d  i n  some d i s t i n c t  
differences i n  values of the damping derivative near  zero angle of a t t a c k  
( f i g .  11) but  i n  a l l  cases some posit ive values of 
observed. These data show t h a t  changes i n  the  condition of the  boundary 
l a y e r  over the forebody are  not of ma jo r  importance i n  accounting f o r  the  
ob served i n s t a b i l i t y  . 

I 
1 configuration with m e d i u m  forebody radius and la rge  afterbody. From 

9- , 

Cmq + C% were 

Analysis of Damping Due t o  Hysteresis 

8 

.* 

*- 

Although it i s  apparent from the above discussion t h a t  the  p a r t i c u l a r  
mechanism which r e s u l t s  i n  pos i t ive  values of 

understood, there  i s  a consis tent  feature of these data which i s  of 
considerable importance. 
s t a b i l i t y  Cierivative 
forebody i s  qui te  constant with variations i n  mean angle of a t tack .  I n  
f igures  7, 10, and 11 it i s  noted t h a t  the var ia t ions  i n  CmcL with mean 
angle of a t tack  f o r  t h e  body of revolution having a f l a t t e n e d  forebody 
a r e  much l e s s  regular.  Cmq + CmQ 
i s  seen t o  become more pos i t ive ,  C- becomes more negative. 
there  i s  a r e l a t i o n  between var ia t ions i n  the  two der iva t ives ,  and the 
manner i n  which they a r e  r e l a t e d  i s  suggested as follows. 

Cmq + C% i s  not  w e l l  

I n  f igure  4 it may be noted t h a t  the  s t a t i c  

CmcL f o r  the  body of revolution having a paraboloid 

In  f a c t ,  i n  nearly every case where 
Evidently 

I n  f igure 12(a)  a t y p i c a l  var ia t ion of  Cm with a i s  shown such 
as might correspond with the variation of C% shown i n  figure 7. The 
s o l i d  l i n e  represents  t h e  time-averaged experimental v a r i a t i o n  whereas 
the dot ted l i n e s  represent  the probable instantaneous var ia t ion  of 
Cm with a. The h y s t e r e s i s  loop results where there  i s  a l a g  i n  the  
establishment of t h e  p i tch ing  moment following a change i n  angle of a t tack .  
The d i f f e r e n t  var ia t ions  i n  Cm' and Cm" with increas ing  and decreasing 
a may be represented another way as i n  figure l 2 ( b ) .  Here Cma can be 
represented by two curves, CkI  

s t a b i l i t y  der ivat ive with increasing angle of a t tack ,  and CrrLL1l t h a t  
with decreasing angle of a t tack .  

representing the v a r i a t i o n  of the s t a t i c  

The pi tching moment a c t i n g  through an increment of angle of a t t a c k  
represents  an increment of work. Thus : 
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1 dW = 1 2 pV2SDCm da = L pV2SDC%u da 

and the n e t  work over a cycle i s :  

where = C%' - Cm". A consideration of t h e  var ia t ion  of 6Cma 
with a ,  i l l u s t r a t e d  graphical ly  i n  figure l 2 ( c ) ,  ind ica tes  t h a t  t h i s  
var ia t ion w i l l  have an approximately s inusoidal  shape between the  l i m i t i n g  
angles of the  hys te res i s  loop. Thus, on the  assumption t h a t  the p r i n c i p a l  
component i s  s inusoidal ,  8Ccma 

I 

i n  f i g .  12(c)  can be represented by 

and 

uh2 
AW =: -p?SDACm, r[ ( 5 )  

where AC% i s  the  m a x i m u m  value of 6Cm, and can be taken as the  
experimentally observed difference i n  CQ between 0' and k2' angle of 
a t tack  i n  f igure  7 f o r  example. -- 

It i s  des i rab le  t o  i n t e r p r e t  the work per  cycle from h y s t e r e s i s  i n  
terms of an equivalent damping der ivat ive.  For an assumed constant equiv- 

A. 

a l e n t  damping der ivat ive,  the work can be calculated from 



L. 

c 

,1 11 

and s ince (Cmq + C..>, i s  considered a constant c o e f f i c i e n t  over the  

cycle,  

The var ia t ion  of CL with time can be considered very n e a r l y  s inusoida l  
even with the  nonl inear i t ies  present  i n  t h e  p i tch ing  moment 

CL = aosin u t  

The work done from hys teres i s  (eq. ( 5 ) )  can then be equa-zd t o  the  work 
r e s u l t i n g  from an equivalent damping der ivat ive (eq. ( l o  j ), r e s u l t i n g  i n  

, Thus, i f  one wished t o  modify t h e  values of  damping c o e f f i c i e n t ,  Cmqi, 
es t imated from impact theory t o  allow f o r  a h y s t e r e s i s  as above, the  

.e complete expression becomes 

... 
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The above analysis ,  although approximate, emphasizes severa l  points .  One 
i s  t h a t  an incremental negative change i n  
i c i i s t i c "  c a  lead t o  dynamic ins ta 'o i l i ty  vl-iere hys te res i s  i s  present.  
The experimental data  i n  f igures  7, 8, 10, and 11 c l e a r l y  show the r e l a t i o n  . 
between negative incremental changes i n  Cma and pos i t ive  incremental 
changes i n  Cmq + C%. From t h i s  it might be thought t h a t  wind-tunnel 
force  data on the  var ia t ion  of Cm with a would immediately reveal t h i s  
type of i n s t a b i l i t y .  Actually, t h i s  l a t t e r  view must be accepted with 
considerable reservat ion i f  a t  a l l  because the  uncer ta in t ies  i n  wind- 
tunnel  force data can lead t o  ambiguous or erroneous i n t e r p r e t a t i o n s .  
Experimental pitching-moment data from reference 7 and the data  of t h i s  
r e p o r t  for the  same configuration - the  body of revolution having a 
f l a t t e n e d  forebody and s m a l l  afterbody - a r e  presented i n  f igure  13. 
nonl inear i t ies  i n  the data from o s c i l l a t i o n  t e s t s  which account f o r  the 
dynamic i n s t a b i l i t y  due t o  hys te res i s  a r e  hardly apparent when presented 
i n  t h i s  way, and are  within the  accuracy of the s t a t i c  t e s t s .  Thus, with 
the  uncertaint ies  present i n  wind-tunnel data,  it can be concluded t h a t  
an apparently l i n e a r  var ia t ion  of Cm with a i s  not s u f f i c i e n t  assurance 
t h a t  i n s t a b i l i t y  due t o  hys te res i s  i s  not present.  Alternat ively,  i f  the 
nonl inear i t ies  a r e  la rge  enougll t o  be obvious i n  the s t a t i c  force data  
t h i s  could be expected t o  have profound e f f e c t s  on dynamic s t a b i l i t y  a 

where hys te res i s  i s  present.  

C k ,  or a "pi tch down charac- 

The 

Values of AC% from the experimental data ,  taken as the m a x i m u m  
incremental change i n  C% from the  o s c i l l a t i o n  data  (e.g., A C k  2 -0.04 
for M = 3.5 i n  f i g .  7 ) ,  when i n s e r t e d  i n  equation (11) along with 
appropriate t e s t  var iables  r e s u l t  i n  p o s i t i v e  increments of about 20 .l5 
i n  Cmq + C%. This magnitude i s  somewhat lower but  of the  same order  as 
t h a t  observed experimentally, even though the analysis  i s  not  rigorous 
because of the assumed equation (4)  regarding the shape of the h y s t e r e s i s  
loop. Thus a second point  i s  t h a t  useful  estimates of the damping 
r e s u l t i n g  from hys te res i s  i n  pi tching moment could be made using t h i s  
ana lys i s  or similar analyses which consider the change i n  work due t o  
hysteresis .  

A t h i r d  point  involves a consideration of the  implications of these  
data on the motion of a vehicle i n  f r e e  f l i g h t .  It has been shown t h a t  
t h e  dynamic s t a b i l i t y  of s m a l l  amplitude o s c i l l a t i o n s  about an equilibrium 
angle of a t tack  can vary markedly with the  equilibrium angle of a t tack .  
It has also been shown t h a t  t h e  dynamic s t a b i l i t y  a t  any given angle of 
a t t a c k  can vary markedly with s i d e s l i p  angle. The dynamic s t a b i l i t y  

For a body of revolution i n  f r e e  f l i g h t ,  the  d i s t i n c t i o n  between 
i s  purely a r b i t r a r y  and i n  a l l  l ikel ihood o s c i l l a t i o n s  will occur i n  
both planes a t  once, which can be v isua l ized  as a point  on the  nose of 
the vehicle s p i r a l i n g  around the  f l ight path. The r e s u l t  i s  t h a t  the 
apparent damping of the longi tudinal  motion w i l l  be influenced not  only 

- 

derivative Cmq + Cw i n  general  i s  thus a function of both a and P .  *. 
a and I3 



by i t s  amplitude but  a l s o  by the amplitude of the d i r e c t i o n a l  motion, and 
vice versa. 
forebody, it i s  the opinion of the authors that r e l i a b l e  es t imates  of Yne 
d e t a i l s  of the  o s c i l l a t o r y  motion i n  f ree  f l ight  under these conditions 
cannot be made by use of the simplified equations of  motion and t i e  data  
of t h i s  repor t  because of the  strong nonl inear i ty  ind ica ted  i n  t h e  data. 
On the o ther  hand, the  body of revolution having a paraboloid forebody 
exhib i t s  acceptable c h a r a c t e r i s t i c s  for  analysis  of i t s  o s c i l l a t o r y  
motion on the  b a s i s  of l inear ized  equations, and the data of t h i s  repor t  
along with appropriate values of could be used i n  assessing 
i t s  s t a b i l i t y .  

With reference t o  the body of revolution having a f l a t t e n e d  

CD and C L, 

SUMMARY OF MSULTS 

The r e s u l t s  of wind-tunnel o s c i l l a t i o n  t e s t s  on two bodies of 
revolution a t  Mach numbers from 2.5 t o  3.5 can be summarized a s ;  

1. For the  body of revolution having a paraboloid forebody, the 
b s t a t i c  s t a b i l i t y  and damping i n  pi tch showed l i t t l e  var ia t ion  with angle 

of a t tack  and s i d e s l i p  and w a s  i n  f a i r  agreement with impact theory.  

2. For the  body of revolution having a f l a t t e n e d  forebody, 
Cmq + C% 
zero s i d e s l i p ,  w a s  s t rongly dependent on a and p ,  and d i d  not  agree with 
impact theory. The observed var ia t ions i n  damping were s t rongly i n f l u -  
-.---z L-- +L- nnn-pi m,vQ+-; 
C l l i C U  uy b1lC aL ULJ. u v u y  b " r r r s ~ u u w " 4 " r A .  

w a s  pos i t ive ,  or destabi l iz ing,  near zero angle of a t t a c k  and 

3. A study of the experimental data  ind ica tes  t h a t  a r e l a t i o n  e x i s t s  
between var ia t ions  i n  s t a t i c  s t a b i l i t y  and damping i n  p i tch .  An expla- 
nat ion of t h i s  e f f e c t  on the  b a s i s  of h y s t e r e s i s  i s  suggested i n  t h i s  
repor t .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f . ,  May 29, 1959 
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(a) Parabolic forebody with no afterbody. 

(b)  Parabolic forebody with afterbody. 

Figure 1. - Sketch of  body of revolution having paraboloid forebody. 
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A-21846 
(a) Front quarter  view. 
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(b)  Rear quarter  v i e w .  
A-21847 

gure 3.- Photograph of model (parabol ic  forebody with afterbody) i n  
t e s t  sect ion.  - 
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Figure 6.- The var ia t ion  of  s t a t i c  s t a b i l i t y  and damping i n  p i t c h  with 
the  locat ion of the pi tching ax is  on parabolic forebody with a f t e r -  
body a t  CL, = 0 . 0 
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Figure 7.- Basic data on body of revolut ion having f l a t t e n e d  forebody; 
m e d i u m  forebody with small afterbody (F,A,) a t  two moment center  
posi t ions and a t  three  Mach numbers. 
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Figure 9.- The var ia t ion  i n  s t a t i c  s t a b i l i t y  and damping i n  p i t c h  with 
the  locat ion of  the  pi tching axis f o r  the body of  revolution having 
a f la t tened  forebody (FA2) a t  0 am = 0 . 
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0 Large forebody radius 
~ 0 Medium forebody radius 
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ma 9 a  

(a) M = 2.5 

Figure 10. - Effect  of shape var iables  ( three  afterbody configurations 
with each of th ree  forebody configurations) on the  f l a t t e n e d  forebody 
with moment center  located a t  0.251D and having no forebody roughness. 
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(b) M = 3 - 5  

Figure 10. - Cone lude d. 
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Figure 11.- Effec t  of Reynolds number and forebody roughness a t  three  
Mach numbers f o r  the f l a t t e n e d  forebody configuration with medium 
forebody radius and la rge  afterbody; moment center  = 0.25lD. 
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(a) Cm vs. a i l l u s t r a t i n g  hys te res i s .  

(b )  Corresponding Cmc; vs. a. 

( e )  ACR vs. a. corresponding t o  (a) and (b) . 
Figure 12. - Aerodynamic r e l a t i o n s  employed i n  evaluat ing e f f e c t  of 

aerodynamic hys te res i s  on damping. 
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Figure 13.-  Variations of Cm vs. a compared with s ta t ic - force  data  
from reference 7 f o r  the body of revolution having a f l a t t e n e d  
forebody with small afterbody and moment center  a t  O.25lD. 
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